The characteristics of the film flow were determined experimentally using simultaneous measurements of the thickness and temperature fields on the surface of a falling heated liquid film (laser-induced fluorescence and infrared scanner).
INTRODUCTION
Liquid films are used in various technological processes that involve heat and mass transfer. The film flows are implemented in the apparatuses of power engineering and chemical technology and in the food industry (evaporators, condensers, heat exchangers, rectification towers, and absorbers) to intensify the heat and mass transfer processes. Currently, active investigations of these processes and the search for methods to increase film stability and enhance heat and mass transfer are in progress (Pecherkin et al., 2015; Zaitsev et al., 2015; Pavlenko et al., 2017; Markides et al., 2016) . The vast area of liquid film application accounts for the numerous experimental (Alekseenko et al., 1994; Drosos, 2004; Lel et al., 2008; Zhang et al., 2009; and theoretical (Joo et al., 1996; Kalliadasis et al., 2012; Åkesjö et al., 2018; Li et al., 2018; Denner et al., 2018 ) studies dedicated to film flows.
The study of the formation of thermocapillary structures and their interaction with waves on the surface of falling liquid films is an important problem in heat and mass transfer since liquid films are the active elements in many industrial applications. Three different types of instability have been registered on the surface of heated liquid films: three-dimensional (3D) hydrodynamic instability and types A and B thermocapillary instability. The thermocapillary instability in regime A was observed at high-temperature gradients of up to 10-15 K/mm on the film surface at the top of a heater (large Marangoni number). The thermocapillary instability in regime B was registered at low-temperature gradients of up to 1 K/mm on the film surface of a heater (small Marangoni number). Experimental results on the transition from two-dimensional to 3D wave motion on vertically falling isothermal liquid films were presented in Park and Nosoko (2003) . It was shown that this transition was accompanied by significant redistribution of liquid in the horizontal direction (Alekseenko et al., 2012) .
The formation of 3D regular structures (later named type A structures) in a film with 25% alcohol-water solution flowing along a plane with small-sized heaters of 6.5 × 13 mm was first discovered in the experiments carried out by Kabov (1996) and Kabov et al. (1995) . Regular type A structures were registered in single-component liquids such as MD-3F (Kabov and Chinnov, 1997) , water (Chinnov, 2009), and FC-72 (Chinnov and Kabov, 2003) . At low Reynolds numbers, high thermocapillary stresses directed against the flow led to film thickening in the form of a horizontal roller. Upon reaching the threshold heat flux density, significant deformations appeared on the film surface at the top of the heater, and the flow was divided into vertical rivulets of a certain distance (Kabov et al., 1995) . In Kabov et al. (1996) direct measurements of the temperature field on the liquid film surface showed that the formation of regular horseshoe structures has a thermocapillary nature. The formation mechanism of such structures was analyzed in Kabov (1998) . A physical model of the formation was proposed for liquid roller and regular structures. When the structures formed in regime A, high-temperature gradients (10-15 K/mm) were observed on the film surface at the top of the heater. The boundary condition close to T = const was implemented on the heater surface. Chinnov and Kabov (2003) found that the rivulet flow formed gradually in regime B with an increase in the heat flux and distance from the upper edge of the heater. Boundary condition q = const was implemented on the heater surface. Heterogeneities in the liquid film thickness across the flow led to temperature heterogeneities on the liquid film surface. A transverse temperature gradient (up to 1 K/mm) formed, resulting in an increase in the deformation of the liquid film surface. The evolution of hydrodynamic waves in relation to thermocapillary-wave structures during heating a vertically falling liquid film was studied experimentally in Chinnov (2014) at high Reynolds numbers.
Some studies Chinnov, 2008) dealt with the influence of thermocapillary structures on heat transfer and the methods of enhancing this process. The regions of structure formation and liquid film breakdown and boiling in rivulets were identified. It was shown that the formation of rivulets on the film surface under certain conditions leads to an increase in both local and mean heat transfer.
The interactions between waves and thermocapillary structures were registered in Chinnov and Shatskiy (2016) . The influence of artificial disturbances on waves and rivulet structures was described in Chinnov and Abdurakipov (2017) . However, the influence of thermocapillary structures with wave interaction on heat transfer in liquid film has not been described in previous studies. The available data are insufficient to understand the mechanism of heat transfer intensification in falling films. Heat transfer enhancement due to the interaction of thermocapillary structures with waves is investigated and analyzed in this paper.
EXPERIMENTAL SETUP
The setup was a closed circulation loop, which included a reservoir with an electric gear pump, working section, filter, rotameters, pipelines, and isolation valves (Fig. 1) . Distilled water was pumped to a film-former ( 3) in the form of a flat metal heat exchanger with a system of channels was arranged in the upper part of the bearing plate. A flat copper heat exchanger (150 mm wide and 100 mm long) was used as the heating element. Inside the heat exchanger, heated liquid was pumped through rectangular channels. The average heat flux from the heater surface was calculated by the temperature difference of the pumped liquid at the heat exchanger inlet and outlet at a given mass flow rate. The temperature of the heater wall facing the film was measured by three thermocouples (Fig. 1 , No. 11) located on the vertical axis of symmetry. On the heating surface the boundary condition close to T = const was implemented, providing high-temperature gradients near the upper edge of the heater. Distilled water with the addition of a dye was used as the working liquid. The vertical working section was open to the atmosphere.
The characteristics of the film flow were determined experimentally using simultaneous measurements of the thickness and temperature fields on the surface of the falling heated liquid film [laser-induced fluorescence and infrared (IR) scanner]. To determine the instantaneous field of the thickness and wave characteristics of the film, the modified fluorescent method was used. To excite the fluorophore, a laser RLM-532-2000 (FTI-Optronic, Saint Petersburg, Russia) (Fig. 1 , No. 7) continuously illuminates an area of 120 × 120 mm. Light, re-radiated by the fluorophore, was registered by a PCO 1200h 8 digital camera (PCO, Munich, Germany) (Fig. 1 , No. 8) with digital capacity of 10 bits and frequency up to 500 Hz in the full frame regime (1280 × 1024 pixels). A red filter (Fig. 1 , No. 9) was installed in front of the camera to cut off the reflected laser light. For measurements on an area of 100 × 100 mm, the system provided spatial resolution of 0.1 mm.
Even at low evaporation of liquid, a non-isothermal experiment applying the fluorescence method imposes much more stringent requirements on the choice of fluorophore. Together with the fact that the fluorophore should not affect the physical characteristics of the liquid, the fluorescent properties of its solution in the working liquid should not depend on temperature. Rhodamine 6G was used in the experiments as the fluorescent dye. To obtain a sufficient dynamic range of fluorescent liquid brightness, a solution with a concentration of 20 mg/L (44.4 µmol/L) was chosen for the experiments on the heater, since the temperature change in the fluorescent brightness of the solution for such a concentration at a temperature of 90°C did not exceed 1% in comparison with the brightness of the solution at 20°C.
The measurement system was calibrated during the experiment. For the films with a thickness of 200-400 µm, the restoration accuracy of the flat film thickness by calibration dependence was 5-10 µm. The curvilinearity of the free surface leads to additional restoration errors related to the redistribution of the intensity of light fluxes passing through it. In traditional schemes of the fluorescence method, it is difficult to assess the level of these errors since light from extended sources (i.e., discharge lamps), which enters each section of the film surface at a wide range of angles, was used for fluorescence excitation. Analysis of the intensity redistribution carried out to approximate the geometrical optics showed that for the flow regimes in the experiments the main effect causing errors is associated with focusing under the wave crests, and this can lead to slight overestimation of the amplitude of these waves. However, in most cases, the level of distortion is small and can be neglected. Thus, for large waves overstatement of the amplitude due to optical distortions does not exceed 4-6 µm. The greatest distortions associated with the intensity redistribution are generated in the area of the film folding into a rivulet. Due to large angles of free surface inclination that reach 30°in this area, focusing is the primary source of the distortions for the studied regime conditions, which may lead to overstatement of the rivulet crest amplitude by 20-30 µm. Thus, for the studied flow regimes, the total error in the thickness measurement did not exceed 3% for the film flow area and 7% for the rivulet flow area.
The temperature distribution on the water film surface was measured by an infrared Titanium 570M scanner (FLIR Systems Advanced Thermal Solutions, Croissy-Beaubourg, France) (Fig. 1, No. 10) , which allowed registering the temperature field on the film surface with resolution up to 640 × 512 pixels, full frame rate up to 115 Hz, and sensitivity of 18 mK. The system registered infrared radiation in the wavelength range of 3.7-4.8 µm. In this range, water film can be regarded as a blackbody. Radiation from the surface of the film flowing over the plate and the heater plate passed through an objective lens and was received by the radiation detector. The digitized values were transmitted to a personal computer. If necessary, the surface was covered with special black paint. In some cases, the heater surface can have a much lower degree of blackness. As a result, there will be a sharp change in the intensity of detected infrared radiation from the surface of a dried spot that will provide clear registration of the contact line.
The measurements of the thickness and temperature fields were synchronized by a light signal. Taking into account the inertia of the bulb, exposure time, and other errors, the data overlay error was not higher than 10 ms. To overlay the data, calibration images of the surface were previously made using a measuring ruler. The IR scanner was mounted at a distance of 100 cm from the heater surface at an angle of less than 5°to the surface normal. This small angle gave us the opportunity to use the data without additional processing. The experimental setup and measurement procedure are described in detail in Chinnov (2017) .
DISCUSSION
The development of type A thermocapillary structures was considered in the residual layer behind the front of the wave, as shown in Fig. 2 (where X is the coordinate along the flow, counted from the upper edge of the heater, and Z is the coordinate across the flow, counted from the right edge of the heater). These structures caused a disturbance in the following wavefront, leading to an increase in the amplitude of the waves. When reaching the heat flux threshold value, the temperature gradients on the film surface near the upper edge of the heater increased to 10 K/mm, which is typical when type A structures form. Periodically, these structures were quite clearly visible, as seen in Fig. 2 . They formed in the residual layer in front of the oncoming wave near the front edge of the heater. The distance between the thickness and temperature non-uniformities could vary from 5 to 10 mm and corresponded to the mean length of the instability wave in regime A at lower Reynolds number values. Figure 3 (a) presents data on the wave amplitudes in a rivulet area and Fig. 3(b) presents data on the wave amplitudes in an inter-rivulet area at Re = 33 (where A denotes the wave amplitudes, and the X-coordinate is along the heater). The amplitude of the waves at the top of the heater is higher than the lower part of the heater, and increases with the heat flux. It was found that the amplitude of the hydrodynamic waves in the upper part of the heater could be increased by interacting with thermocapillary instability of type A.
The investigation of the mechanism of rivulet deflection was completed and showed that the distance between the rivulets varies along the heater. Due to wave interaction with thermocapillary structures, rivulets form on the liquid film surface and move across the flow, as shown in Fig. 4 . The maximal amplitude of deflection is defined as the distance between the extreme right and extreme left positions of the rivulet crest during thermal imaging (600 frames). In more detail, the procedure for calculating the amplitude is illustrated in Fig. 4(b) . Points 1 and 2 correspond to the rivulet crest position averaged by 600 frames. Points 3 and 4 correspond to the extreme left positions of the rivulet crest at distances of 50 and 75 mm from the upper edge of the heater, respectively, and points 5 and 6 correspond to the extreme right positions. The maximal amplitudes of rivulet deflection by 50 and 75 mm are equal to the distance between points 5 and 3 and points 6 and 4, respectively. The dependence of the maximal amplitude of deflection on the heat flux is shown in Fig. 5 . According to Fig. 5 , at low heat fluxes the deflection amplitude is small. When the threshold value of the heat flux (corresponding to the formation of type A thermocapillary structures) is achieved, the maximal amplitude of deflection increases substantially, reaching values equal to the distance between the rivulets, and this leads to rivulet interaction and merging. We can distinguish two regimes of rivulet deflection. At low heat flux, when there is movement of the rivulets in regime B, the amplitude of rivulet deflection is relatively low, as seen in Fig. 5 . In this case, there is a traditional thermocapillary/inertial mechanism of rivulet deflection, which is described in Chinnov and Shatskiy (2016) . Relatively weak thermocapillary forces (due to small temperature gradients on the film surface) are directed toward the center of the wave crest. Due to inertial forces, the wave passes the centerline. Thermocapillary forces begin to act in the opposite direction. At small heat flux, the amplitudes of rivulet deflection slightly rise in the middle of the heater, and then decrease, as seen in Fig. 5 . The development of type A thermocapillary structures at high heat flux initiates an increase in the rivulet deflection amplitudes (Fig. 5) . In this case, higher temperature gradients are observed on the film surface near the top edge of the heater. The waves are destroyed more intensively than in regime B.
The dependences of the film surface deformation on the dimensionless longitudinal coordinate along the heater for different heat flux values are shown in Fig. 6 . To describe the transverse deformations in a liquid film qualitatively, we use criterion Def = (h riv − h val )/h 0 , defined as the ratio of the difference between the initial film thickness and the average film thicknesses on the rivulet crest and in the inter-rivulet region. As can be seen from the graph in Fig. 6 , when structures A (lines 1-4) are formed the dependence character changes at high heat flux densities. This is due to the fact that when the threshold density is achieved at the upper edge of the heater, thermocapillary structures in the form of rivulets with a thin film between them form in the residual layer of the liquid between the wavefronts. The interaction of waves with these structures leads to an increase in deformation at the beginning of the heater, an increase in the wave amplitudes and their transformation into rivulets, and rivulet deviation from strictly vertical flow. Furthermore, with an increase in the distance along the heater, the deformations decrease. At the same time, rivulet flow with rivulet spacing of about 15 mm forms in the lower part of the heater at smaller Reynolds numbers. On the other hand, when type B structures (lines 5 and 6) form, surface deformations increase gradually both with an increase in the heat flux and an increase in the distance along the heater. At high heat fluxes, the transverse movement of the rivulets prevents the formation of dry spots on the heater surface. It is found that the interaction of waves with the two types of thermocapillary structures leads to multiple increases in the heat flux, which are necessary for formation of the first stable dry spot. An increase in wave amplitudes can enhance heat transfer in heated liquid film. The dependence of the average heat transfer coefficient on the heat flux is presented in Fig. 7 . The average heat transfer coefficient is calculated by dependencies α = q/(T w − T 0 ), where q is the heat flux (in W/cm 2 ), T w is the average surface temperature of the heater surface (in°C), and T 0 is the initial temperature of the liquid (in°C). The calculations made using the Nusselt model (Nusselt, 1923) for a smooth film show good consistency with the experimental data for a small heat flux (Fig. 7) .
Heat transfer enhancement during heat exposure was detected. The convective heat transfer coefficient increased with heat flux increasing. The area of most intensive growth coincides with the value of the heat flux corresponding to the formation of type A thermocapillary structures. After structure formation in the upper part of the heater, the growth of the heat transfer coefficient with increasing heat flux does not stop but becomes smoother. This result agrees with the data for the amplitudes of surface waves and rivulet deflection. It can be argued that data have been obtained that indicate significant intensification of heat transfer with increasing wave amplitudes and rivulet deflection, as shown in Figs. 3 and 5. The maximum intensification of heat transfer for Re = 33 reaches 60% at T 0 = 30°C.
CONCLUSIONS
The development of type A thermocapillary structures at high heat fluxes initiated an increase in the wave and rivulet deflection amplitudes. It has been established that heat transfer becomes more intensive due to the development of thermocapillary instability in the upper part of the heater, which leads to an increase in the surface wave and rivulet deflection amplitudes. The maximum heat transfer enhancement for Re = 33 reaches 60%. The result is important since the method proposed in the present study of increasing the heat transfer coefficient and the stability of liquid films can be used in industrial apparatuses. 
